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The role of spontaneous and piezoelectric polarization in III-V nitride heterostructure devices is
discussed. Problems as well as opportunities in incorporating polarization in abrupt and graded
heterojunctions composed of binary, ternary, and quaternary nitrides are outlined.
PACS numbers:
I. INTRODUCTION
Spontaneous polarization exists along the (0001)
(metal-polar) and (0001¯) (N-polar) directions of wurtzite
III-V nitride semiconductor crystals. Strain-induced
piezoelectric polarization can either add to, or subtract
from the spontaneous polarization in heterostructures
based on the composition and polarity. At a sharp het-
erojunction, the discontinuity in polarization leads to the
appearance of a immobile polarization sheet charge (unit:
C/cm2) of density
σpi = (P1 −P2) · nˆ, (1)
where P1,P2 are the total (spontaneous + piezoelectric)
polarization vectors across the junction, and nˆ is the unit
normal to the heterointerface plane. If the heterojunction
is compositionally graded (say along the growth direction
z) instead, Eq. 1 is modified to its 3D counterpart
ρpi(z) = −∇ ·P(r) = −∂Pz(z)
∂z
, (2)
where ρpi(z) is the immobile 3D bulk charge density (unit:
C/cm3). The built-in real electric fields originating from
the polarization charges, when combined with the quasi-
electric fields at sharp and graded heterojunctions lead
to a rich range of phenomena that impact every conceiv-
able wurtzite nitride heterostructure device. This work
reviews the existing body of knowledge on the device
consequences of the high polarization fields, and outlines
several future possibilities that exploit as-yet unrealized
applications of polarization engineering. The materials
challenges in realizing the proposed novel applications are
mentioned. Though structures grown along semi-polar
directions are not discussed explicitly, similar arguments
are expected to apply.
II. POLARIZATION IN ALxINyGA1−x−yN
ALLOYS
Fig. 1(a) shows the contours of constant polariza-
tion sheet charge at AlxInyGa1−x−yN/GaN heterojunc-
tions grown coherently strained on (0001) oriented re-
laxed GaN substrates. Bowing parameters of b =
−1.0,−2.0,−4.0 eV for AlGaN, InGaN, and InAlN
ternaries are used, and quaternary material parameters
are taken from [1]. We note that these are representa-
tive values, and in particular, parameters for InAlN are
currently under investigation. The polarization coeffi-
cients used are taken from [1]. Recent investigations of
the growth and applications of InAlN and InAlGaN lay-
ers lattice matched to GaN (falling on the red line) have
yielded very encouraging results for both electronic and
optical devices, greatly expanding the range of material
choices available for III-V nitride devices. The rapidly de-
veloping growth technology - by both MOCVD and MBE
makes the realization of quaternaries and InAlN ternar-
ies with a range of compositions a tantalizing prospect.
When such technology is at hand, heterostructures with
compositions that are polarization-matched (green line),
and/or bandgap matched (blue line) can help open a
number of new applications. These materials offer a po-
tential method of solving existing problems encountered
in typical Al(Ga)N/GaN and In(Ga)N/GaN - contain-
ing heterostructures that form most devices today. To
aid crystal growers, Fig. 1(a) is recast in Fig. 1(b) which
shows the bandgap and polarization dependence on the
Al and In mole fractions in AlxInyGa1−x−yN grown on
GaN.
Strain in AlxInyGa1−x−yN alloys limits the thickness
that can be grown coherently on GaN. A crude estimate
of the critical thicknesses based on Blanc’s estimate may
be obtained: tcr ∼ be/2(x, y), where be is the Burgers
vector, and (x, y) is the strain. Fig. 1(c) shows the esti-
mated thicknesses that can be grown on GaN coherently;
we note here that the actual coherent layer thicknesses
can vary, and the numbers in the figure should only be
taken as a rough estimate at best.
III. POLARIZATION EFFECTS IN EXISTING
DEVICES
The high 2DEG charges in conventional
Al(GaIn)N/GaN high electron mobility transistors
(HEMTs) are entirely polarization induced, which
enable high drive currents [2]. Coupled with the high
breakdown voltages originating from the large bandgap,
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2FIG. 1: (a) Constant polarization (spontaneous + piezoelectric) contours on the energy bandgap-lattice constant plot for
nitrides grown lattice matched to GaN along the (0001) orientation. The lattice-matched, bandgap-matched, and polarization-
matched compositions are highlighted. (b) Contours of constant polarization (red dashed lines) and constant bandgap (black
solid lines) as a function of the In and Al mole fractions in AlInGaN layers grown strained on (0001) oriented GaN. (c) Contours
of constant critical thickness (red solid lines) and constant bandgap (black solid lines) as a function of the In and Al mole
fractions in AlInGaN layers grown strained on (0001) oriented GaN.
nitride HEMTs have proven very attractive for high-
frequency, high-power electronic device applications.
Strain in the Al(Ga)N barrier layers has been identified
as a possible source of device degradation under stress,
and recent reports indicate that lattice-matched InAlN
barriers may prove more robust. Lattice-matched
ternary [3] and quaternary [4] barrier HEMTs have also
been reported recently, showing promising performance
benefits over low Al composition AlGaN barrier layers.
Polarization-matched heterostructures are yet to be
investigated for E-Mode HEMTs, but will require the
source/drain and access regions to be populated by
carriers similar to what was done recently for such
devices grown along the non-polar direction [5].
In optical devices, the role of polarization has been
investigated in the active regions where the built-in
electric field lowers the oscillator strength by reducing
the electron-hole wavefunction overlap [6], the quantum-
confined Stark effect (QCSE). Under high carrier in-
jection conditions, the polarization field is partially
screened, but it causes spectral shift of emission with
bias, and may prove problematic for ultra low threshold
light emitters. Though light emitting diodes and lasers
over a large spectral window have been demonstrated
with heterostructures grown along the polar directions,
non- and semi-polar orientations are being intensively in-
vestigated recently [7].
IV. SHARP HETEROJUNCTIONS
A. Tunable quasi band-offsets
Consider an ultrathin layer (thickness= t) of
polarization-mismatched nitride layer inserted between
thick GaN layers shown in Fig. 2(a). The dipole layer
could be of wider, narrower, or the same bandgap as
the cladding layers with proper choice of composition
and polarity; the cases are indicated schematically in
Fig. 2(a). The polarization discontinuities of Eq.1 re-
sult in a charge dipole at the heterojunction with sheet
charges ±σpi. The electric field in the thin layer due to
the polarization charges is Fpi = σpi/s, and the corre-
sponding energy drop is ∆Epi = qFpit = qσpit/s, where
s is the dielectric constant of the semiconductor. For ex-
ample, if t ∼ 1nm, and Fpi ∼ 1 MV/cm, then ∆Epi ∼ 0.1
eV, which is substantial. This is achievable with, for ex-
ample (but not limited to), a thin layer of AlInN that
is bandgap-matched to GaN, which we assume does not
introduce any chemical band offsets. The value of ∆Epi
can be much larger given the large polarization fields in
nitrides.
Note that an ultrathin polarization dipole layer can be
effectively transparent to electron transport in the ver-
tical direction, and therefore the dipole layer effectively
mimics a band offset. The magnitude of the band off-
set is equal in both the conduction and valence bands
(∆Ecpi = ∆Evpi = ∆Epi) and is therefore of the staggered
type if the polarization-induced band offset ∆Epi < Eg is
less than the bandgap (Eg) of the thicker cladding layers
[Fig. 2(b)]. Since such a band offset changes as t and σpi
are varied, it is tunable; indeed, it may even be possible
to achieve an effectively broken gap offset if ∆Epi > Eg as
shown in Fig. 2(c). The origin of this polarization-dipole
induced band offset is a real electric field and therefore it
acts equally on electrons and holes, giving the symmetry
in the CB and VB offsets. This is in stark contrast to a
quasi electric field at heterojunctions, which is born out of
changes in the chemical nature of constituent atoms and
thereby can act very differently on electrons and holes
3FIG. 2: An ultrathin polarization dipole layer results in a
quasi band-offset leading to staggered or broken gap align-
ments.
leading to ∆Ec 6= ∆Ev in general, and resulting in all
three possible (straddling, staggered, and broken) band
offsets [8].
Such artificial band-offsets have been investi-
gated in GaN/AlN/GaN junctions [9], [10] and in
GaN/InGaN/GaN junctions [11]. The ultrathin layer
for obtaining a polarization induced band offset may
be of a smaller bandgap than the cladding layers for
high transparency to charge transport in the growth
direction, in which case it may require the expulsion
of bound states in the thin asymmetric quantum wells
to prevent charge trapping. The ultrathin dipole layer
could also be of a larger bandgap which will reduce
the current density by requiring tunneling/thermionic
emission. By the proper choice of compositions, such
polarization induced band offsets can be introduced in
conjunction with real band offsets to increase, reduce, or
cancel ∆Ec (or ∆Ev) selectively. The added degree of
freedom provided by the large polarization in the III-V
nitrides can prove to be a powerful device design tool.
B. Coupled electron-hole gases
Consider an AlN layer of thickness t embedded deep
inside an undoped GaN bulk layer shown in Fig. 3(a).
A critical thickness tcr = Eg/Fpi is easily identified - if
the dipole layer is thicker, the potential drop exceeds the
bandgap of the cladding layers (∆Epi > Eg), resulting
in an effectively broken-gap offset, whereby the valence
band electron states are aligned with the empty conduc-
tion band states on the other side. In a nominally un-
doped structure, assisted by the large polarization field,
there is a finite probability for valence band electrons
on the left to tunnel into the empty conduction band
states on the right, leaving behind holes as indicated in
Fig. 3(a). A rough estimate of the ‘time constant’ in-
volved in this process can be obtained. The effective
velocity of carriers in the valence band is v ∼ ~g/m0,
where g ∼ pi/a0 is a reciprocal lattice vector, a0 is a
lattice constant, and m0 is the free electron mass. An
electron confined to a region of length l0 collides the for-
bidden gap barrier at a rate γ ∼ v/l0, and the probability
of tunneling is T ≈ exp (−2S), where S = ∫ κ(z)dz is the
action, with κ2(z) = 2m[V (z)−E]/~2. The time for ‘es-
cape’ is estimated as τ ∼ 1/γT , which for relevant GaN
parameters evaluates to the order of seconds.
After such a process of tunneling relaxation has oc-
cured, the potential difference far from the junction re-
gion is ∆φpi = (σpi − qns)t/s as shown in the energy
band diagram in Fig. 3(b). Here ns is the sheet charge
density (units: cm−2) of a mobile electron gas, equal to
the mobile hole charge density at the other interface.
The mobile charge dipole forms in response to the po-
tential drop, in an attempt to screen the polarization
dipole σpi. We note that charge neutrality requires the
net charge to be zero, but the mobile charge dipole need
not be equal to the polarization dipole. This novel mech-
anism of formation of mobile carriers may also be pic-
tured as ‘modulation-doping’. However, for example for
the 2DEG, the source of electrons are not donor impu-
rities in a wider bandgap region, but the valence band
on the other side of the heterojunction barrier. This is a
novel mechanism for creating mobile electrons and holes
without impurity doping, and understanding it helps us
exploit polarization in powerful ways.
When the 2DEG and 2DHG form as indicated in
Fig. 3(b), the Coulombic coupling between them can be
tuned by changing t. A major challenge in observing
such coupled electron-hole gas is forming separate elec-
trical contacts to them. Such closely coupled 2DEG and
2DHG assemblies are desirable for fundamental studies
of Coulomb drag, and with suitable choice of the materi-
als (and their bandstructures) can enable tunneling field-
effect transistors of both of the ‘classical’ type [12], and
perhaps also of the phase-coherent many-particle type
[13].
C. Resonant- and Zener-Tunneling Structures
Tunneling structures are best understood in polar III-
V nitride heterostructures by building upon the nomi-
nally undoped structure shown in Fig. 3(a, b) and dis-
cussed in the earlier section. When the structure is uni-
formly doped (say n-type), the energy band diagram is
as shown in Fig. 3(c). The heterojunction side that has
a positive polarization sheet charge (+σpi) sees an accu-
mulation layer of electrons, whereas the other side, the
role played by the mobile holes in the undoped structure
is taken up by the immobile ionized donors. If two such
barriers are arranged to enable resonant tunneling, polar-
ization essentially increases the tunneling distance by the
depletion region thickness and leads to a lowering of the
net tunneling current drive over a polarization-free struc-
ture. This problem can be remedied by growing along
non-polar orientations, or even when the growth is along
the polar orientation, by choosing polarization-matched
barriers (for example by using Al0.7In0.3N barriers as in-
dicated in Fig. 3(d) and Figs. 1(a,b), though the barrier
4FIG. 3: Various intraband and interband tunneling structures
and the role of polarization.
height may be restricted).
If instead of uniform doping, the polarization dipole
layer is surrounded by a p-n junction, the extra potential
drop due to the dipole can either assist, or oppose the
natural built-in potential of the p-n junction. In the case
where it opposes the built-in potential, it causes an exten-
sion of the depletion regions and is akin to a built-in re-
verse bias, and can be used for tuning the turn-on voltage
and/or the reverse-bias breakdown voltage. The opposite
case is when the polarization dipole assists the dipole
formed by ionized dopants by virtue of being in the same
direction. Is such a case, the polarization dipole shrinks
the depletion region thickness and is similar to a built-in
forward bias. If the polarization charges are greater than
necessary for dropping the entire built-in potential of the
control p-n junction (|σpi| > qNdxn = qNaxp), then ac-
cumulation regions form at the two heterojunctions, and
the effective band offset between the two sides is now
similar to a broken-gap heterojunction. Such situations
are shown in the energy band diagrams of Figs. 3(e and
f). This arrangement enables Zener tunneling of electrons
from the valence band of the p-side to the empty conduc-
tion band states on the n-side under reverse bias voltage,
whereas no current flows under small forward bias since
the valence band states are aligned with the bandgap
of the n-side. Thus the structure acts as a ‘backward
diode’. Such polarization-enabled Zener tunnel junc-
tions have been recently experimentally demonstrated us-
ing GaN/AlN/GaN [14], [15] and GaN/InGaN/GaN het-
erostructures [16], and carefully modeled [17]. They hold
much promise for future applications in wide-bandgap
semiconductor devices.
Such interband tunneling diodes in traditional narrow-
gap semiconductors are achievable primarily by heavy
impurity doping with associated problems of discrete
dopant effects and bandgap shrinkage. In nitride het-
erostructures the role of dopants is taken up by polar-
ization charges that are confined to atomic planes, and
can be far higher than what can be achieved by impurity
doping. Furthermore, the dipole layer may be chosen
to be a narrower bandgap than the surrounding layers
as in Fig. 3(f), and thus the choice of polarization and
composition offers a clear path for boosting the current
drive. Such polarization-induced Zener tunnel junctions
can prove to be useful in zero-bias rectifiers, for electri-
cally connecting multijunction solar cells and multicolor
light emitters [15], and also possibly in tunneling field-
effect transistors (TFETs) in the future.
The large built-in potential drop can enable tunneling-
enhanced Ohmic contacts. Low-resistance Ohmic con-
tacts to p-type wide-bandgaps has proven difficult due
to the unavailability of very high work-function (qφM )
metals. The resulting misalignment of the Fermi level of
the metal with the valence band results in high barriers
(qφB = qχs + Eg − qφM ). This barrier can be lowered
by an amount ∆Epi = qFpit by introducing a polariza-
tion dipole layer. The high electric field, and a narrower
bandgap dipole layer can enable low-resistance contacts
that are also reasonably optically transparent, as pro-
posed in [18].
D. Polarization-balanced Electronic Devices
The precise equality of the positive and negative com-
ponents in a polarization dipole at symmetric nitride het-
erojunctions has led to the concept of ‘Natural Super-
Junctions’ (NSJs) for high-voltage applications. Such
devices when made using p-n junctions (for example in
Silicon) by impurity doping place stringent requirements
on the doping densities of donors and acceptors so that
the vertical field is entirely supported by ionized dopants.
This requirement is naturally met in III-V nitride het-
erojunctions, and in addition the high density (and pre-
sumably high mobility) polarization-induced 2DEGs and
2DHGs can contribute to low on resistances [19]. Back-
barriers for strong electron confinement is required for
highly scaled GaN HEMTs. Typical double heterostruc-
ture designs employ AlGaN back barriers for metal-polar
devices, which causes a degree of reverse polarization and
depletion of the 2DEG densities, causing higher sheet re-
sistances. One possibility for reducing this loss of charge
is by using an AlInN layer that is polarization-matched
to GaN.
E. Polarization-balanced Optical Devices
Though growth along non-polar or semi-polar direc-
tions helps reduce QCSE based reduction of oscillator
strengths by removing the built-in polarization fields,
it is possible to do so by growing along the polar di-
rections by choosing polarization-matched compositions
[20]. We discuss one possibility as an example, along
with a few device electrostatics arguments. Consider
5FIG. 4: Schematic charge and energy band diagrams indicat-
ing electrostatics and polarization-matching.
the case of a bandgap-matched GaN-Al0.65In0.35N het-
erostructure grown along the (0001) direction. Polariza-
tion sheet charges ±σpi form at the two heterojunctions
without a band offset as indicated in Fig. 4(a, b). If the
entire structure is uniformly doped with donor density
Nd, the polarization charges cause depletion and accumu-
lation of mobile electrons as indicated. The peak electric
fields at the heterojunction is Fmax = σpi/2s = Fpi/2
where s is the dielectric constant. The potential bar-
rier height at the depleted junction is φd = σ
2
pi/8sqNd,
and the potential ‘well’ depth in the accumulation side is
φa ≈ FmaxLD, where LD =
√
skT/q2Nd is the Debye
length. Accumulation regions do not impede the motion
of free carriers; thus, if a p-n junction structure as shown
in Fig. 4(c) is grown, accumulation regions form at both
the heterojunctions. If one chooses InGaN composition
on the same polarization contour as the AlInN region for
quantum wells, the active region is freed of polarization
fields. The material choices are easily seen in Fig. 1(a or
b): move from GaN→InAlN along the bandgap-matched
line, then move to the InGaN composition staying along
the constant polarization contour (dashed line). The ma-
terials challenges in doing so are indeed high, and it may
be more prudent to free active regions from polarization
by simply growing along non-polar orientations. But the
fundamental physics does not rule out the possibility of
achieving polarization-free active regions even if the un-
derlying structure is inherently polar. In cases where the
injection efficiency of holes (and/or electrons) are low
due to deep dopant levels, similar polarization-matching
approaches could prove highly attractive when combined
with the added advantage of higher injection efficiency in
structures grown along the polar orientation. The pos-
sibility of polarization-enhanced p-type doping can be
integrated into the device design along polar directions
in graded bandgap heterostructures, which is discussed
next.
FIG. 5: Energy band diagrams illustrating the role of polar-
ization in graded bandgap structures.
V. GRADED HETEROJUNCTIONS
When one or both polar heterojunctions are composi-
tionally graded, a number of additional utilities of polar-
ization emerge. Consider the canonical structure of the
last section as shown in Fig. 5(a), and assume we keep one
junction abrupt and compositionally grade the other as
shown in Fig. 5(b). In that case, the fixed bulk polariza-
tion charge density in the graded region is given by Eq. 2:
ρpi = −∇ ·P(r). In response to the macroscopic electric
field created by the fixed polarization charge, neutraliz-
ing mobile charges on the graded side also spread from a
2D form to a 3D bulk form to screen/cancel the electric
field. We note here that the neutralizing charge may be
localized in the presence of a high density of defects and
traps, but can always be made mobile by compensation
doping of the traps and defect states.
A. Optoelectronic devices: doping & contacts
Highly conductive p-type layers have been difficult to
achieve in GaN based heterostructures owing to the high
activation energy of Mg acceptors (EA ∼ 180 meV), lead-
ing to associated problems with hole injection efficiency
in optical devices. In addition, both Mg acceptor levels as
well as Si donor levels (ED) become deeper with increas-
ing bandgap of Al(Ga)N layers that are useful for UV op-
toelectronics [21], [22]. When the activation energies are
much larger than the thermal energy (EA, ED >> kT ),
the low thermal ionization efficiency results in high resis-
tivity layers. The polarization-induced charge in short-
period superlattices offers a method to field-ionize these
deep dopants, and extract mobile carriers. However,
in such structures there still exist band offsets that
impede carrier motion in the direction of most inter-
est. Interestingly, just as a buried polarization dipole
results in a mobile electron-hole gas without impurity
doping, a defect/trap-free compositionally graded layer
should necessarily result in mobile carriers to screen the
macroscopic electric field. The role of dopants (NA) in
6compositionally graded layers is reduced to compensat-
ing the trap states (NT ) that may localize the mobile
charges, and maintaining the Fermi level close to the va-
lence band (for p-type) or the conduction band (for n-
type). Thus the mobile carrier concentration p is deter-
mined not by the impurity doping, but by the polariza-
tion charge density by the charge neutrality condition:
ρpi + qN
−
A ≈ q(p + N+T ), whereby the hole density is
p ≈ ρpi/q+ (N−A −N+T ). If complete compensation of the
traps are achieved, p ≈ ρpi/q. This form of polarization-
induced doping was demonstrated for conductive n-type
layers [23], and very recently for p-type layers, and has
been incorporated into prototype UV LED structures
[24]. An embodiment of a polarization-doped p-n junc-
tion (with n ≈ ρpi/q+ (N+D −N−T )) is shown in Fig. 5(c).
A number of added features of such polarization-
induced doping may be identified. The graded bandgap
layer can be of a larger bandgap and thus optically trans-
parent for the active layer wavelengths. It can enable
natural optical mode confinement in the correct orienta-
tion, similar to graded-index separate confinement het-
erostructure (GRINSCH) lasers. If the graded layer is
p-type (a similar argument holds for n-type), EF −Ev is
nearly constant, and the entire difference in the bandgap
appears in the conduction band Ec(z1)−Ec(z2) = ∆Eg,
leading to a quasi-electric field for electrons. With the
proper magnitude and orientation, this barrier can act
as an electron blocking layer as shown in Fig. 5(c). In
abrupt heterostructures with straddling band offsets, a
conduction band offset ∆Ec based electron blocking layer
necessarily comes with a valence band offset ∆Ev =
∆Eg−∆Ec, which results in hole blocking to a certain de-
gree. The only way to obtain a barrier for electrons and
not for holes is to use a p-type doped graded-bandgap
layer, where the entire bandgap difference appears in the
conduction band, whereas the valence band is left with-
out any barriers impeding hole flow. This feature is well
known in heterostructure bipolar transistors, where such
doping can prove specially attractive.
B. Heterostructure bipolar transistors
The high resistance of p-type layers has proven to
be the bottleneck in achieving high-performance het-
erostructure bipolar transistors (HBTs) using GaN. Sig-
nificant improvements in GaN HBTs have been made re-
cently by incorporating narrower bandgap InGaN base
layers. The polarization-induced p-type doped graded
gap layers described in the last section can help acceler-
ate the progress in GaN HBTs [25]. Such p-type layers
allow for wide-bandgap base and collector layers to take
full advantage of the high breakdown of wide bandgaps,
and simultaneously offer large built-in quasi-electric fields
in the base to reduce the base transit time and improve
the speed of such devices.
VI. SUMMARY
In summary, the recent expansion of GaN material re-
search into quaternaries opens up new opportunities for
polarization-based heterostructure device design. A sam-
pling was discussed here, and is expected to be extended
in the future.
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